Peripheral blood monocytes from patients with active
Introduction
Blood monocytes from patients with pulmonary tuberculosis (TB)' show a number of stigmata of activation. Such cells display increased stimulated release of IL 1 (1), augmented adherence to plastic (2) , enhanced hexose monophosphate shunt activity (3) , altered surface expression of HLA DR antigens (4) , and increased killing of some but not all targets (5) . Circulating monocytes from patients with TB also selectively depress lymphocyte responses to the mycobacterial antigen, tuberculin purified protein derivative (PPD) (6, 7) ; this activity may contribute to depression of delayed-type hypersensitivity (DTH), as assessed by tuberculin skin tests in such patients. The expression of cell-mediated immune response requires the interaction of IL 2 with its receptor (IL 2R) on the surface of antigen-responsive T cells (8) . IL 2R also have been demon-strated on the surface of B cells, and their expression can be induced on human monocytes (9) (10) (11) (12) . In sarcoidosis, a chronic granulomatous disease characterized by infiltration of the lungs with activated mononuclear cells, bronchoalveolar macrophages express IL 2R (13) . We previously have shown depressed T cell expression of IL 2 in patients with active pulmonary TB, in part related to modulatory effects of monocytes (7) . Monocytes may down regulate T cell synthesis of IL 2 and/or increase its consumption. The latter is a possibility since enhanced IL 2 absorption by lymphokine activated human myelomonocytic cells, U937 has been demonstrated (9) . The biological consequences of IL 2R expression by mononuclear phagocytes, particularly as regards immunoregulation are unclear.
The high affinity (Kd = 10-") IL 2R on the surface of activated human mononuclear cells consist oftwo polypeptide chains (a and fl) which confer the efficient binding of IL 2 to the receptor with subsequent activation of immunologic function (14) . The more recently described a chain (Mr = 75,000), binds IL 2 sluggishly, however, with an intermediate affinity (Kd = 10-9); and while its occupation by the ligand leads to signal transduction, this only occurs at nonphysiologically high levels of IL 2 (15) . The ,B chain, also known as Tac protein (Mr = 55,000), reacts with IL 2 more rapidly but with a low affinity (Kd = 10-") (16) . A soluble released form ofthe ,B chain (Mr = 45,000) has been described in several pathologic states (17) (18) (19) and in supernatants of lectin activated mononuclear cells (20) . The mechanism of release of soluble IL 2R is presently under study; however since soluble IL 2R retain IL 21 d, (c) concomitant debilitating diseases, and (d) positive serology for HIV. Diagnosis of TB was based on the demonstration of acid fast bacilli in sputum and was eventually confirmed by positive culture for Mycobacterium tuberculosis. Chest roentgenograms of each patient obtained close to the time of study were graded for extent oftuberculosis according to National Tuberculosis and Respiratory Disease Association criteria (22). Of a total of 25 patients studied, one patient had minimal disease, 16 patients had moderately advanced, and eight patients had far advanced disease. Miliary TB was not seen. A group of healthy tuberculin reactors, age and sex-matched to the patients, was studied concurrently. Additionally, three healthy tuberculin nonreactors and three patients with pulmonary infection by mycobacteria other than M. tuberculosis were studied. Informed consent was obtained from all patients and control subjects.
Preparation of cells. 50 ml of heparinized blood (20 U/ml) was obtained from each subject by venipuncture. Peripheral blood mononuclear cells (PBMC) were separated by sedimentation on Ficoll-Hypaque (Pharmacia Fine Chemicals, Piscataway, NJ) gradients (23). The monocyte content of PBMC was determined by peroxidase cytochemistry (24 (10 X 106) by the guanidinium-cesium method as previously described (31) . Briefly, cells were washed and pellets were homogenized in 4 M guanidine isothiocyanate (Interna-tional Biotechnologies, Inc., New Haven, CT) containing 25 mM Na citrate, 0.5% N-lauryl-sarcosine, 10 mM EDTA, 0.1 M 2-mercaptoethanol, and 0.1% antifoam A. Homogenates were layered onto a 5.7 M cesium chloride (International Biotechnologies, Inc.) cushion and centrifuged for 18 h at 175,000 g at 20'C. The RNA pellet was suspended in a solution of 25 mM Tris-HCI, 100 mM sodium chloride, 5 mM EDTA, and 0.1% SDS and precipitated twice in ethanol and then quantified.
Northern blot and dot blot hybridizations. For Northern blot analysis, 10 ug of RNA was electrophoretically separated through a 1% agarose-2.2 M formaldehyde gel, and was transferred to nitrocellulose paper (Millipore Corp., Bedford, MA). After washing in 6X standard saline citrate (SSC) (0.9 M sodium chloride-0.09 M sodium citrate), the filters were dried at 80'C for 90 min and were prehybridized at 420C for 18 h in 10% dextran sulfate, I M NaCl, 50% formamide, 2 mM EDTA, 5X Denhardts' (0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% BSA) solution, and 1% SDS. An Eco RI insert of pIL 2R2 (a generous gift of Dr. W. C. Greene, National Cancer Institute) (32) was purified by preparative electrophoresis and labeled with (a--32P) deoxycytidine 5'-triphosphate (dCTP; sp act 3,000 Ci/mmol; New England Nuclear) by nick translation. The filters were hybridized overnight to the heat-denatured probe at 42°C. Hybridization buffer was the same as prehybridization buffer except it contained 100 ,ug/ml of salmon sperm DNA. Filters were washed (2X SCC and 1% SDS at 60°C for 1 h with constant agitation) and exposed to XAR-5 film (Kodak Laboratories, Rochester, NY) at -70°C with an intensifying screen.
For dot blot analysis, dilutions of total RNA in 50% formamide-6.6% formaldehyde were applied to a Gene Screen Plus nylon membrane (New England Nuclear) using a 96-well manifold apparatus (Schleicher & Schuell, Keene, NH). Blpts were then prehybridized (50% formamide, 10% dextran sulfate, 1% SDS, 1 M NaCl, and 100 yg/ml salmon sperm DNA) and then hybridized to 32P-labeled IL 2R probe as above. Autoradiography then was performed.
Statistical analysis. Group means were compared using the t test.
Results
Characteristics of PPD-induced IL 2 production by blood mononuclear cells of TB patients. PBMC or adherent cell-depleted, nylon wool-purified T cells were cultured with PPD for 48 h. IL 2 activity of cell free supernatants then was assessed. Supernatants of PPD-stimulated PBMC from tuberculin nonreactors were devoid of IL 2 activity. PPD-induced IL 2 activity was lower in supernatants ofPBMC from patients with TB (mean 2.8±SE 1.4 U/ml) as compared with healthy skin test-reactive controls (103±30 U/ml) (Fig. 1) Table I shows the results of FACS analysis, gaited for monocytes by size and light scatter, using antiTac antibody in eight experiments. Anti-Tac reactivity ofcells from healthy donors was nil to minimal. This is not unexpected since normal peripheral blood monocytes express A IL 2R only when stimulated with cytokines (e.g., gamma-interferon) (9-1 1) or when exposed to bacterial products (1 1). In contrast, adherent cells freshly isolated from each of the TB patients were Tac reactive. Whereas the mean intensity offluorescence of positive cells was rather uniform (140+30, mean±SD), the percentage of Tac reactivity varied considerably (10-60%). Maintenance of IL 2R expression on cultured adherent cells from patients with TB was examined at 24, 48, and 72 h in three experiments. In two of three experiments adherent cells remained Tac reactive at the same level as fresh cells, whereas in the third experiment, Tac reactivity declined by 30%-(data not shown).
Monocyte IL 2R expression was also examined by APAAP staining using anti-Tac or anti-IL 2R (2A3) antibody. This technique is more sensitive than FACS analysis and allows for the direct visualization of reactive cells. Whereas TB monocytes were consistently and strongly reactive with anti-Tac, reactivity was weak with the anti-IL 2R antibody, 2A3. Other studies have shown that commercial preparations of 2A3 antibody do not react with monocyte IL 2R, although they react strongly with T cell IL 2R (13) . In four experiments, adherent cell preparations from TB patients were 65±5.5% (range: 48-70%) anti-Tac positive and morphologically the reactive cells were 98% monocytes. Fig. 3 shows an example of such an experiment. Adherent cell preparations from healthy controls lacked staining when reacted with anti-Tac. Similarly patient cells were APAAP negative when reacted with control ascites containing IgG (Fig. 3 A) both high-and low-affinity IL 2R (33 ent monocytes obtained from a skin test nonreactor were cultured for an additional 3 h in the presence or absence of stimuli (10 X 10 adherent cells for each condition). Total RNA was then isolated and dot blot analysis for IL 2R performed (Fig.  6 ). PPD induction of monocyte IL 2R message was strong, whereas r65kd and LPS were comparable in this respect. A small amount ofIL 2R message also was seen when monocytes were left in culture without stimulatants (Fig. 6, lane 1) . This could be the result of induction of IL 2R mRNA by adherence to plastic, and accumulation ofthe message during subsequent culturing. In comparison, RNA obtained from uncultured monocytes of the control individual (Fig. 5 A, lane 1) was negative for IL 2R message. Release ofsoluble IL 2R in culture by adherent cells from TB patients. In addition to expression of membrane IL 2R, a soluble released form ofIL 2R has recently been demonstrated in supernatants of both activated T and B lymphocytes (20) and LPS or IFN stimulated monocytes. We therefore analyzed supernatants of adherent cells obtained after 72 h of culture from patients and healthy donors for soluble IL 2R by an enzyme immunoassay. Fig. 7 shows the results for 13 TB patients and six skin test-reactive controls. Despite variable content of IL 2R in culture supernatants, TB patients had a threefold higher activity as compared to controls (P < 0.05). Moreover, the levels of IL 2R in supernatants of adherent monocytes from TB patients doubled when cells were stimulated with PPD for 72 h in vitro (143±32 to 325±47 U/ml of IL 2R; P < 0.02) (Fig. 8 ). Three patients with newly diagnosed pulmonary infection due to mycobacteria other than M. tuberculosis, three patients with cavitary TB, three healthy skin test nonreactors, and three healthy skin test reactors also were studied for the release of soluble IL 2R by adherent cell cultures. As seen in Table II This study demonstrates the spontaneous expression of IL 2R by circulating blood monocytes in a disease state. Alveolar macrophages obtained from patients with active pulmonary sarcoidosis display Tac positivity (13) and it has been suggested that such activated tissue macrophages may be involved in the pathogenesis oflung injury, potentially by production of oxygen radicals. In TB, previous data indicate that blood monocytes are activated or primed for activation by in vitro stimuli by numerous criteria including synthetic capacity and effector function (1-5). Here we report that blood monocytes freshly isolated from patients with active pulmonary TB also express functional IL 2R molecules on their surface without in vitro induction. In our previous studies of human TB, we have shown that circulating adherent cells are suppressive both ofPPD-induced IL 2 expression and blastogenesis (6, 7) . The nature of this suppressor cell was further identified as an OKMI-reactive, nonerythrocyte rosetting, radiosensitive adherent monocyte (36) . In this study, we again observed that IL 2 activity of PPD-induced PBMC supernatants was significantly lower in patients as compared to healthy controls and that removal of adherent monocytes, markedly enhanced T cell supernatant IL 2 activity (Fig. 1) . Absorption of purified IL 2 by adherent cells was observed in each patient (Fig. 2) . This was not due to the minimal T cell contamination of this cell population since complement lysis ofOKT3 reactive cells did not affect the IL 2 absorbing capacity of adherent cells, and nonadherent T cells of patients did not remove IL 2 from culture medium. Removal of IL 2 by adherent monocytes from TB subjects would explain low IL 2 activity and low blastogenic responses of PPD-stimulated cultures of their PBMC. Metabolism of IL 2 by monocytes could not, however, be the sole basis for depressed PPD-induced T cell functions in TB for several reasons. First, some patients both in the present and in the previous studies (7) did not have a significant rise in PPD-induced IL 2 generation of their T cell cultures as compared to PBMC. Additionally, the IL 2 activity of PPD-stimulated T cells remained significantly lower in patients than in skin test reactive controls. Thus, it appears that a defect in IL 2 generation by T cells is operative in addition to the modulatory effects of monocytes. Furthermore, purified IL 2 did not correct the blastogenic defect ofPBMC ofpatients (7). These observations argue for additional regulatory mechanisms besides IL 2 consumption by monocytes as contributing to depressed responsiveness to PPD in human infection with M. tuberculosis.
The presence of IL 2R was confirmed on adherent cells from patients by reactivity to the monoclonal antibody, antiTac, using two techniques FACS analysis and APAAP (Table I and Figure 3) . Levels of anti-Tac reactivity (mean 30%) by FACS analysis were comparable to the reported levels of Tac expression by IFNy stimulated healthy monocytes (1 1). In this regard, APAAP cytostaining proved to be more sensitive and was useful in morphologic identification of the reactive cells, which were 98% monocytes. The affinity for binding of radioiodinated IL 2 to adherent cells from patients with tuberculosis was studied next. We found similar numbers of high affinity IL 2R (84 sites per cell) as described for dually (LPS plus IFNy) stimulated monocytes from healthy donors (87 sites per cell) (11) . The number of low-affinity receptors on monocytes from TB patients (5,252 sites per cell) was similar to LPS, or IFNy activated monocytes (6-7,000 sites per cell) reported previously.
It was still possible, however, that the IL 2R present on adherent cells from TB patients did not originate from monocytes, but were the product of another mononuclear subpopulation perhaps adsorbed to monocytes while they were in transit through the inflamed pulmonary tissues, containing activated alveolar macrophages and/or lung-recruited T cells. These possibilities were excluded by demonstrating expression of the gene for IL 2R by monocytes using a cDNA probe that encodes for the # chain ofthe receptor. Thus, it appears rather, that blood monocytes from subjects with TB are activated in vivo to express IL 2R. This phenomenon parallels the other amplified capacities of such monocytes.
The finding of elevated soluble IL 2R in supernatants of cultured adherent cells from patients with newly diagnosed TB ( Fig. 7) and the further increase in levels upon stimulation with tuberculin PPD (Fig. 8) raises several interesting issues.
First, it appears that in TB, similar to other pathological disorders associated with active cellular immune responses, such as sarcoidosis (17) , rheumatoid arthritis (18), renal allograft rejection (37) , and some lymphomas (38) , soluble IL 2R may be a marker of disease activity. The cellular source of soluble IL 2R may, however, differ in these conditions. For example in sarcoidosis, it appears that both T cells and monocytes contribute to the content of soluble IL 2R in bronchoalveolar lavage (17) . Second, augmentation of released IL 2R in the presence of PPD might imply that enhanced soluble IL 2R at local sites of infection such as the pulmonary tissue could limit T cell responses. We have previously shown that PPD stimulates release of both IL 1 (1) and TNF (39) by monocytes. Here we report that PPD and other mycobacterial products (65 kD antigen) can induce monocyte IL 2R gene expression (Fig. 6 ). Thus, it is possible that direct stimulatory action of mycobacterial constituents on monocytes is a factor in the depressed response of mononuclear cells from patients with TB to PPD.
Moreover, it appears that monocytes from TB patients in particular are capable of releasing significant amounts of IL 2R as compared to patients with parenchymal lung disease of the same extent but due to other mycobacterial agents, again reflecting the extent of dysregulation of cellular immune parameters in human TB.
We speculate that the observed constitutive expression of functional IL 2R on monocytes from TB patients and the increased release of these receptors after exposure to mycobacterial products may be key factors in the phenomenon of antigen-specific suppression by adherent cells and the associated hypoergy on tuberculin skin testing (6) . These phenomena and similar events conceivably occurring at local sites of infection may contribute to the immunopathogenesis of tuberculosis.
